Extremely-low mass white dwarf stars (ELMs) are M < 0.3 M ⊙ helium-core white dwarfs born either as a result of a common-envelope phase or after a stable Roche-lobe overflow episode in a multiple system. The Universe is not old enough for ELMs to have formed through single-star evolution channels. As remnants of binary evolution, ELMs can shed light onto the poorly understood phase of common-envelope evolution and provide constraints to the physics of mass accretion. Most known ELMs will merge in less than a Hubble time, providing an important contribution to the signal to be detected by upcoming space-based gravitational wave detectors. There are currently less than 150 known ELMs; most were selected by colour, focusing on hot objects, in a magnitude-limited survey of the Northern hemisphere only. Recent theoretical models have predicted a much larger spacial density for ELMs than estimated observationally based on this limited sample. In order to perform meaningful comparisons with theoretical models and test their predictions, a larger well-defined sample is required. In this work, we present a catalogue of ELM candidates selected from the second data release of Gaia (DR2). We have used predictions from theoretical models and analysed the properties of the known sample to map the space spanned by ELMs in the Gaia Hertzsprung-Russell diagram. Defining a set of colour cuts and quality flags, we have obtained a final sample of 5762 ELM candidates down to T eff ≈ 5000 K.
INTRODUCTION
White dwarf stars are by far the most common outcome of the evolution of single stars, representing the final observable stage of all stars with initial mass lower than 7-11.8 M⊙ (Woosley & Heger 2015; Lauffer et al. 2018) . Given the age of the Universe and the timescales of single stellar evolution, the minimal mass for white dwarfs formed through this channel is around 0.3 M⊙ (Kilic et al. 2007 ). Objects below this limit can only be explained as outcomes of the evolution of binary or multiple systems. Although binary fraction in the main sequence depends on initial mass, going from 0.72 for O stars (Mason et al. 1998) to 0.26±0.1 for late-type M stars (Basri & Reiners 2006) , for stars that have had enough time to evolve off the main sequence (M 0.85 M⊙), the binarity fraction seems to be larger than 0.5 (Duchêne & Kraus 2013) . Although the exact fraction depends on metallicity (Moe et al. 2019) , around 25 per cent of these systems should be close enough to interact during their lifetime, by exchanging mass and angular momentum (Willems & Kolb 2004) . This interaction influences their evolution and gives ⋆ E-mail: pelisoli@astro.physik.uni-potsdam.de rise to new astrophysical phenomena otherwise absent from the life of single stars. One such example of exotic objects resulting only from binary interactions are the extremely low-mass white dwarfs (ELMs). ELMs show M < 0.3 M⊙ and an observed binarity rate consistent with 100 per cent (Brown et al. 2016a) . Given the inverse relation between mass and radius for white dwarfs, they show larger radius and are therefore brighter than canonical mass white dwarfs. Yet their existence was elusive for many years, because their low-mass implies surface gravity and colours outside the selection region of canonical white dwarfs. Moreover, as they are brighter than canonical white dwarfs, they do not necessarily stand out as high proper motion objects in magnitude-limited surveys. The catalogue of Bergeron et al. (1992) did serendipitously include 14 objects with mass below 0.45 M⊙, which is below the single evolution limit considering canonical massloss mechanisms and solar metallicity (Kilic et al. 2007 ). Following-up seven of these objects, Marsh et al. (1995) found five of them to be in close binaries, suggesting binarity was necessary for their formation. More recent results suggest a binarity rate of around 70 per cent, indicating that although the binary scenario is dominant, other channels might be required, such as mass loss due to winds or interactions with substellar companions . Alternatively, the objects currently observed as single stars might have formed in a binary that was disrupted by a type Ia supernova or merged (Justham et al. 2009 (Justham et al. , 2010 . These objects in the range 0.30-0.45 M⊙ are commonly referred to as low-mass white dwarfs.
The first spectroscopically confirmed ELM was found as a companion to pulsar PSRJ1012+5307 (van Kerkwijk et al. 1996) , following other optical identifications of pulsar companions that are likely faint ELMs (Bell et al. 1993; Lorimer et al. 1995) . A similar field object was only found considerably later by Heber et al. (2003) . Initially classified as a hot subdwarf star, it was found to have a mass of only 0.24 M⊙, therefore too low to sustain core helium burning, leading to a new classification as a He core white dwarf. Time-resolved spectroscopy confirmed the object to be in a binary with an unseen companion, with a minimum mass of 0.73 M⊙, which therefore must be a compact degenerate object. Both the initial classification of this object and the fact that all similar others had been found in binaries lead to a parallel between the formation of ELMs and of hot subdwarfs: both are formed by enhanced mass-loss due to either (i) common-envelope evolution or (ii) stable Roche-lobe overflow. In the case of hot subdwarfs, this happens after the onset of core-He burning (Han et al. 2002 (Han et al. , 2003 , whereas for ELMs a degenerate He-core of a lowmass progenitor is exposed prior to the ignition of He in the core (Istrate et al. 2016; Li et al. 2019) . A third scenario explains the existence of single hot subdwarfs, which correspond to around 60 per cent of the observed population (Heber 2016 ): a merger between two He-core white dwarfs (Zhang & Jeffery 2012) . Although single ELMs could also result from mergers, or from the remnants of giant-branch donor stars whose envelopes have been stripped off by the supernova explosion (Justham et al. 2009 ), no such object has yet been detected. However, given the difficulty of precisely obtaining atmospheric parameters from the Balmer lines at the range of effective temperature (Teff 20 000 K) and surface gravity (4.75 log g 7.0) of the ELMs (Brown et al. 2017; Pelisoli et al. 2018a) , discoveries have actually relied on orbital parameters to constrain the radius of the observed candidates and confirm or rule out their nature as ELMs.
There are currently around 140 known ELMs as primaries in a binary system. More than half of this sample was discovered as part of the ELM Survey (Brown et al. 2010; Kilic et al. 2011; Brown et al. 2012; Kilic et al. 2012; Brown et al. 2013; Gianninas et al. 2015; Brown et al. 2016a) , which followed-up objects selected from their colours from the Sloan Digital Sky Survey (SDSS, Blanton et al. 2017) . Their survey mostly targeted objects hotter than 8500 K, introducing a temperature selection. Moreover, as it followed SDSS observations, the known sample contains very few southern objects and is magnitudelimited. Evolutionary models predict that, within the age of the Universe, ELMs could have cooled down to temperatures of ≈ 5000 K (Istrate et al. 2016) . Therefore this selection for hot stars in the known population prevents a complete test of the models and hampers our progress in the binary evolution field. As remnants of binary evolution, ELMs can shed light onto the poorly understood yet crucial phase of common-envelope evolution (Nelemans et al. 2000) and are ideal laboratories for studying tidal effects (Fuller et al. 2013) . Additionally, most known ELMs will merge in less than a Hubble time resulting in new exotic objects such as extreme helium stars, R Corona Borealis stars, He-rich subdwarfs, and underluminous supernovae (Webbink 1984; Brown et al. 2016b) . As strong sources of gravitational waves, they will have an important contribution to the signal detected by space-based missions such as LISA (Brown et al. 2016b ) allowing further development of the new field of multi-messenger astronomy (e.g Tauris 2018) .
In order to deliver the full diagnostic potential of ELMs, a sample covering the full range of physical parameters predicted by the models and as complete as possible is required. In this work, we take advantage of the groundbreaking Gaia data release 2 to select ELM candidates with well-defined selection criteria, covering the whole sky and the full-range of temperatures predicted by the models, taking the first step towards an all-sky, complete, and unbiased ELM sample. In Section 2, we describe the known population of ELMs, which we combine with predictions from evolutionary models to map the selection region in the Gaia DR2 HR diagram. In Section 3, we describe in details our selection procedure. Section 4 presents the resulting catalogue and its properties, and Section 5 contains summary and conclusions.
THE KNOWN ELM SAMPLE
In order to map the parameter space occupied by ELMs in the Gaia observational HR diagram, absolute magnitude G abs as a function of the colour GBP − GRP , we have first compiled a catalogue of known ELMs from the literature. It updates table 4 of Silvotti et al. (2012) , including all the objects from table 5 of Brown et al. (2016a) , table 1 of Pelisoli et al. (2017) , and table 3 of Pelisoli et al. (2018b) , as well as other objects individually published in the literature. We have not included at this point ELMs found as companions to millisecond-pulsars, because they are mostly too faint to be detectable by Gaia, or even to be fully confirmed ELMs, but a list of such objects can be found in Appendix A. We have also refrained from including systems in which (pre-)ELMs are the secondary star, the socalled EL CVn binaries (named after their prototype, e.g Maxted et al. 2014; van Roestel et al. 2018) . These systems are dominated by the primary main sequence star, and therefore overlap with the main sequence in the Gaia HR diagram. The ELMs in these systems have only been discovered because they eclipse the primary star. In short, our list only includes systems in which ELMs are primaries, whose companions are canonical-mass white dwarfs or low-mass main sequence stars. Moreover, we do not make a difference between pre-ELMs and ELMs, given that the complicated evolution of these systems causes the evolutionary tracks of the pre-white dwarf and white dwarf phase to overlap (see e.g. fig. 8 of Li et al. 2019) , therefore the differentiation between these two phases is not straightforward, and confusion exists in the literature.
The resulting catalogue of known ELMs is shown in Table 1, and contains 119 objects. We have cross-matched this list with Gaia DR2, obtaining one match for each star, as indicated by the Gaia DR2 identifier source_id in Table 1 . Table 1 in blue (when the value of parallax over its uncertainty, parallax_over_error, is larger than 5) or red (parallax_over_error < 5), as squares for M < 0.3 M ⊙ , and triangles for M > 0.3 M ⊙ . We show in black the Gaia 100 pc clean sample (Sample C in Lindegren et al. 2018) , and in grey a comparison sample of objects following the same quality criteria of Lindegren et al. (2018) , but with parallax > 1 and parallax_over_error > 5. These two comparison samples will be shown throughout the paper following the same colour code. The green solid line shows an evolutionary model by Istrate et al. (2016) , mapped onto the Gaia passbands. The final mass for this model is 0.324 M ⊙ , the highest published in Istrate et al. (2016) . We defined a colour-cut delimited by the blue dashed lines to contain most of the known ELMs with parallax_over_error > 5 and M < 0.3 M ⊙ , using the evolutionary model as a bottom limit in order to exclude higher mass WDs (below the selection), and defining further cuts to exclude hot subdwarfs (above), and scattered main sequence stars (to the right).
Six objects have only a two-parameter (right ascension α and declination δ) solution, whereas the remaining 113 stars have the complete five-parameter solution (α, δ, parallax π, and the proper motions µα and µ δ ). Figure 1 shows the location of these objects in the Gaia HR diagram.
Most of the catalogued ELMs are placed between the main sequence and canonical mass white dwarfs, as expected given their intermediary radii. About ten objects are overlapping the hot subdwarf region, with two of them found on top of the hot subdwarf cloud (HS2231+2441 and HE0430-2457 from Almeida et al. 2017; Vos et al. 2018, respectivelly) . In both these cases, the objects were initially classified as hot subdwarfs, but their masses have been found to be lower than the required for core-He burning, leading to the classification as pre-ELMs. There is also a considerable number of objects lying closely to the main sequence, which could also be better classified as pre-ELMs. Before reaching the cooling sequence, ELMs can show radii of the same order as main sequence or even horizontal branch stars, due to residual shell burning. Finally, there is one star (J0308+5140) which stands out, lying much redder than the remaining of the sample. As pointed out in its discovery paper (Brown et al. 2013 ), this object is in a direction with considerable reddening. As in Gentile Fusillo et al. (2019), we apply no reddening correction during our selection. The main reason for this choice is the poor resolution in reddening maps. In Gaia DR2 extinction and reddening are provided for many stars, but they caution that these values should not be applied to individual stars; they are adequate for population studies where averages over a property are the variable of interest (e.g Andrae et al. 2018) .
A few published ELMs in Fig. 1 lie closely to the canonical mass white dwarf cooling sequence; their published masses are between 0.35 and 0.49 M⊙. This would suggest that they are better classified as low-mass white dwarfs (Kilic et al. 2007 ). Curiously, they lie above the evolutionary model of Istrate et al. (2016) shown in Fig. 1 , which would therefore suggest a mass lower than 0.324 M⊙. The reddening for these objects is not significant (E(B − V ) = 0.1321 for one object, but smaller than 0.05 for the remaining others according to Schlafly & Finkbeiner 2011) , and applying a correction does not move them below the model. We do not know the reason for this discrepancy, but it likely reflects some inconsistency between the evolutionary models and spectral modes used to determine the log g of observed ELMs. We will further discuss how this might impact our selection in Section 4; for now we rely on the limit defined by the evolutionary models, since our goal is to obtain a benchmark sample to test such models.
ELM CANDIDATE SELECTION

Gaia DR2 data
Analysing the position of the known ELMs with M < 0.3 M⊙ and parallax_over_error > 5, as well as the position an evolutionary model corresponding to the upper mass limit in Fig. 1 , we have defined an initial colour-cut to select ELM candidates, illustrated also in Fig. 1 . We select objects in the region delimited by the three following functions:
where G abs = G + 5 log((parallax + 0.029)/1000) + 5 (we have assumed the parallax zero-point given by Lindegren et al. 2018 , determined using quasars, which have similar colours to ELMs). The line at the bottom of the selection, Eq. 1, aims at excluding canonical mass white dwarfs from the selection, and was defined to fit the higher-mass evolutionary model of Istrate et al. (2016) , with final mass of 0.324 M⊙. A similar criterion with a low mass model cannot be applied, because ELMs can experience flashes during their evolution (see e.g. fig. 2 in Córsico & Althaus 2014), leading to luminosities as high as main sequence stars. Therefore the low mass model cannot be used to place an upper limit in magnitude. Instead the top line, Eq. 2, was defined to keep hot subdwarfs out of the selection. Finally, the line at the right, Eq. 3, aims at excluding stars scattered from the main sequence due to statistical uncertainties. We placed this line as red as possible to include cool ELMs in our selection, but we further refine its position in Sec. 3.2. Whereas this selection might be excluding objects still in the pre-ELM phase, it should include the bulk of objects already in the cooling track. We also apply quality filter parameters to the selection, following section 2.1 of Pelisoli et al. (2019) . This selection is very similar to the one in Appendix B of Lindegren et al. (2018) , but slightly relaxes the requirements on the Gaia DR2 value of phot_bp_rp_excess_noise, E, based on observed values for the known ELMs. The criteria are:
where
astrometric_chi2_al and astrometric_n_good_obs_al are, respectively, the value of the chi-square statistic of the astrometric solution and the number of good observations; both are given in the Gaia DR2 table. We initially only restrict the parallax uncertainty to parallax_over_error > 3. The ADQL query including all of these criteria is given in Appendix B1, and results on 123 945 objects.
SDSS spectra
We next cross-match the result of our initial selection with the Sloan Digital Sky Survey (SDSS) spectral database, retrieving spectra for 1 492 of the selected objects. These spectra were visually inspected and attributed general classifications: B (H + He lines), A (H lines), F (H lines + metals), CV (cataclysmic variable, H or He in emission), QSO (quasar, broad and red-shifted emission lines), W D (canonical white dwarf, broad absorption lines), or W D + M S (canonical white dwarf with cool main sequence companion, composed spectra). The WD classification includes objects of A and B type, but with obviously broad absorption features. Fig. 2 illustrates the result of our visual inspection. It is clear that there is a large contribution of scattered F stars (24 per cent of the sample with spectra) and even QSOs (11 per cent) to the selected region. We verified, however, that increasing our restriction in parallax uncertainty to parallax_over_error > 5 eliminates almost fully this contamination (see Fig. 3 ). With this criterion, there remain only four quasars and 14 F stars (0.7 and 2.3 per cent of the sample with spectra and parallax_over_error > 5, respectively). One QSO is well-within our selection, close to the white dwarf cooling track. The other three, however, are close to the red border of our selection. We modify this border in order to exclude these objects, in the hopes of limiting further contamination by QSOs in the selected sample. The new red limit of our selection is given by
This also reduces the number of identified F stars in the sample to four. With this new limit and parallax_over_error > 5, our query (given in Appendix B2) now results on 11 993 objects, which we will refer to as "refined sample". Given that our selection extends to the very limit of the evolutionary model, it is selecting ELMs with temperatures down to ≈ 5000 K.
Further colour cuts
Gaia Collaboration et al. (2018a) cautions that faint sources might show a turn towards the blue at the lower end of the In order to exclude most of these contaminants, we redefine the red border of our selection to the solid blue line. Figure 4 . Absolute magnitude G abs as a function of colour G − G RP . This diagram is suggested to be more adequate to analyse faint red stars; we use it to further refine the red limit of our sample, excluding objects redder than the dot-dashed line, which overlap with a large cloud of scattered main sequence stars.
main sequence, resulting from a stronger flux excess in GBP than in GRP , suggesting that the G − GRP colour might be more adequate to study faint red sources. Given our concern with faint red stars scattered from the main sequence into our selected region, we analysed the G abs × G − GRP diagram for our selected objects, as shown in Fig. 4 . A cloud of scattered stars is clearly visible in this diagram. To reduce contamination from this objects, we apply one further selection to our sample
11 167 objects are left following this cut. Another issue to be considered are close visual neighbours, which have been shown to affect the Gaia measurements without that being apparent in any quality control flags (e.g Gentile Boubert et al. 2019) .
To avoid that, we have removed from our sample any objects with another Gaia source within 5 arcsec. There remain 8009 objects with no detected neighbours within 5 arcsec. These selection criteria and those implemented in Section 3.2 are aimed at efficiently removing scattered main sequence stars and quasars from the selected region of the HR diagram; however, such region is also populated by CVs and canonical mass white dwarfs with main sequence companions. In order to separate this type of objects from the ELM candidates, we have relied on further colour cuts based on colour-colour diagrams. We crossmatched our sample with 2MASS (Skrutskie et al. 2006) and WISE (Wright et al. 2010 ) (all sky surveys), SDSS and PanSTARRS (Flewelling et al. 2016 ) (Northern sky), and SkyMapper (Wolf et al. 2018 ) (Southern sky). Fig. 5 shows
It is clear that objects identified as CVs or white dwarfs with main sequence companions from the SDSS spectra are concentrated in a region of the diagram, leading to the colour cut
In SDSS and PanSTARRS colour-colour diagrams, we can also see that these objects present a clear location in the (g − r) × (r − i) (Fig. 6) , (r − i) × (i − z) (Fig. 7) , and (i − z) × (z − y) (Fig. 8) diagrams. We apply the following cuts:
As these surveys cover only the Northern hemisphere, we rely on SkyMapper to a similar selection to Southern objects, although the location of objects with red-excess is not as clear for SkyMapper data, partially because we have much less objects with spectra in this region. We also exclude from the sample all objects identified from their spectra as CVs, WD+MS, QSO, or F star, or with SIMBAD classification as such. 5768 objects remain. To identify further CV and QSO candidates, we crossmatch our sample with the Master X-Ray catalogue compiled by HEASARC 1 . Fig. 9 shows the objects within the refined sample with X-Ray measurements. They mostly correlate with known QSOs or CVs, but there are further six objects with known X-Ray emission but no classification. We separate those as well, being left with 5762 ELM candidates, which we will refer to as "clean sample".
The objects separated from the sample using the colour cuts from Eqs. 8-11 and the X-Ray flux are listed in Appendix C. As candidate CVs and binary white dwarfs with main sequence companions, they remain of interest. It is important to mention that one ELM has been found with a main sequence companion (J1555+2444, mentioned as exception by Brown et al. 2016a) ; therefore, by separating these objects from our ELM candidate sample, we might be excluding some ELMs. However, by doing so with a clear set of criteria, we maintain a sample easy to be simulated with 
, and a histogram of (W 1 − W 2 ) (bottom). In both panels, it is clear that CVs (blue triangles) and WD+M (red squares) concentrate redder than (W 1 − W 2 = 0.0375).
population synthesis models in order to test the predictions of evolutionary models. In Li et al. (2019) , for example, they predict a density of 1500 kpc −3 for ELMs in double degenerate binaries, i.e. also excluding ELMs with main sequence companions. This prediction should be straightforward to test once our ELM candidates are confirmed.
CATALOGUE OF ELM CANDIDATES
Our clean ELM candidate sample contains 5 672 objects, listed in Table 2 . The HR diagram with this clean sample is shown in Fig. 10 . The candidates are distributed over the whole sky, as can be seen in Fig. 11 . This is the first all-sky sample of candidate ELMs, given that previous searches relied on SDSS data. We extend as further in colour, and hence in temperature, as predicted by the models of Istrate et al. (2016) , which suggest ELMs can cool down to around 5 000 K within the age of the Universe. Therefore, we also remove the temperature selection introduced in previous surveys. Our catalogue does not include ELMs with early-type main sequence companions; these objects should lie close to the main sequence in the HR diagram, since the luminosity is dominated by the main sequence star, and therefore are not within our colour selection. ELMs with cool main sequence companions are also likely excluded, since objects with detectable red excess were separated to avoid contamination by CVs or canonical white dwarfs with main sequence companions, which populate the same region of the observational HR diagram. These objects are listed separately in Appendix C. Previous to the removal of objects classified as CV, QSO, WD+M, or F from our sample, there are 7 CVs, 3 F stars, and 15 objects classified as planetary nebulae (PN) in the sample, out of 274 objects with attributed classification (either from SIMBAD as different types of CV or PN, or from SDSS spectra), suggesting a contamination of the order of 9 per cent in our clean sample by these type of objects. However, given the apparent discrepancy between the evolutionary model used to determine the colour cuts and the mass obtained by spectral fits, there could also be con- tamination by low-mass (0.30 − 0.45 M⊙) or canonical mass white dwarfs in the sample, as we further discuss below. Our catalogue has overlap with the white dwarf catalogue of Gentile and with the hot subdwarf catalogue of Geier et al. (2019) (see Fig. 12 ). 5368 of our candidates are also listed in the white dwarf cat- alogue, 4009 of them with calculated probability of being white dwarfs PW D > 0.75, 3927 with mass estimates. 37 per cent of the masses are estimated to be smaller than 0.3 M⊙, therefore consistent with ELM. Further 58 per cent show 0.3 < M < 0.45 M⊙. Only 5 per cent show masses above 0.45 M⊙, i.e. that can be explained by single evolution without invoking mass-loss enhancement. This highlights the potential of our sample for testing binary evolution models. It is important to keep in mind, however, that masses estimated from photometry alone are highly uncertain, therefore spectroscopy needs to be obtained to reliably estimate the masses of these stars. The fact that a substantial number of the objects of our catalogue have PW D < 0.75 reflects the fact that the catalogue of Gentile Fusillo et al. (2019) focuses on canonical white dwarf stars, and although it does include ELMs, it is not in any way complete for them, as the authors themselves point out. 272 of our ELM candidates are in the hot subdwarf catalogue, and 360 objects are not in any of these catalogues. Table 2 . About 20 per cent of the sample is in directions with significant extinction (AV > 1.0 mag); however, taking into account the poor resolution (typically of several degrees) of dust maps, as well as the fact that total Galactic extinction is likely inadequate for nearby sources, we opt for not excluding any objects based on extinction or reddening.
Our main limitation is the constraint on parallax_over_error > 5, which should exclude objects in distant or dense regions. The completeness of our catalogue is strongly affected by this choice. In the full Gaia DR2 catalogue, this is the median parallax_over_error value for G = 16.5. For the known ELMs of Table 1 , the average absolute G magnitude is 8. Assuming as limiting magnitude the value of 16.5, the distance modulus is 8.5, corresponding to a distance of 500 pc, within which our catalogue of candidates should be fairly complete, except for dense regions such as close to the Galactic plane, where the Gaia coverage is worse and because we have removed objects with close visual companions.
We use this magnitude-limited sample (G < 16.5), excluding the disc region (b < 30
• ), where the Gaia completeness drops and reddening is significant, to estimate the local density of ELMs, assuming the Gaia saturation limit to be G = 3. Following the same approach as Brown et al. (2016b) , we use the 1/Vmax method (Schmidt 1975) . To take into account the shape of the Galaxy, we adopt the density model of Jurić et al. (2008) . As this model considers distinct density functions for the three Galactic components (halo, thick disc, and thin disc), it is necessary to separate the sample into these components. As we lack information on radial velocities, we rely solely on the tangential velocity (vT ) derived from Gaia proper motions and parallax. Based on the criteria of Gaia Collaboration et al. (2018b), we as-sume objects with vT < 40 km/s belong to the thin disk, and objects with vT > 200 km/s are halo objects (there actually none with G < 16.5), with remaining objects belonging to the thick disc. With these assumptions and taking into account the 9 per cent contamination, we derive a local ELM space density of 275 kpc −3 . Using the same Galactic model, Brown et al. (2016b) estimate a density of 160 kpc −3 . However, they caution that their estimates are not the local space density of all ELM WDs, but describe a clean sample of binaries relevant for their merger rate estimates, implying that the total number of ELMs can only be larger. Both our estimate and that of Brown et al. (2016b) are of the same order, but considerably smaller than that obtained theoretically by Li et al. (2019) , who obtained a density of 1500 kpc −3 for ELMs in double degenerate binaries. This shows that there are still inconsistencies between theory and observation that must be solved.
SUMMARY & CONCLUSIONS
We have compiled a catalogue of known ELMs from multiple sources in the literature, and studied their Gaia parameters to map the space spanned by ELMs in the observational HR diagram. We selected objects given a colour criterion defined based on the known ELMs (M < 0.3 M⊙) with parallax uncertainty smaller than 20 per cent and on evolutionary models, as well as quality control parameters based on Lindegren et al. (2018) . Following our selection, we have cross-matched the initial candidate sample with SDSS in order to study those with available spectra. This step revealed a large contamination by main sequence stars and quasars, which we were able to considerably reduce by applying a stricter cut on parallax_over_error. To further reduce contamination by faint red main sequence stars, we have also studied the G × (G − GRP ) diagram, and defined a further selection to exclude objects apparently scattered from the main sequence. Finally, to limit the number of CVs and WD+MS in the sample, we have studied multiple colourcolour diagrams to separate objects with red-excess, as well as X-Ray emission. These objects are also of interest as candidate CVs and WD+MS, and are listed in Appendix C. After applying all of these selection criteria, our resulting catalogue of ELM candidates has 5672 objects, listed in Table 2.
The presented catalogue has clearly stated selection criteria, summarised in Table 3 , which make it a valuable asset for testing binary evolution models. For example, we predict, given the estimated 9 per cent contamination, a density of 275 kpc −3 for ELMs, which is considerably smaller than the theoretical prediction of Li et al. (2019) . This might be justified by the incompleteness of the Gaia DR2 catalogue, which is hard to parse, but suggests we need to further improve the agreement between observations and models. Future Gaia releases should improve parallax measurements and reduce the necessity of strict quality cuts as those applied here.
The position in the HR diagram alone does not confirm the nature of our candidates, because of overlap with CVs and WD+MS, as well as contamination by stars scattered from the main sequence due to statistical uncertainties (e.g. Pelisoli et al. 2019) . Spectra need to be obtained for this sample in order to (i) confirm their nature as ELMs, and (ii) Selection on Gaia data
Selection in the Gaia observational HR diagram
Further colour selections
estimate their physical parameters, in order to test predictions from theoretical models. The large multi-object spectroscopic facilities planned for the next years (e.g., WEAVE, 4MOST, DESI, SDSS-V, Dalton et al. 2014; de Jong et al. 2014; DESI Collaboration et al. 2016; Kollmeier et al. 2017) should play a key role in this effort.
Confirming the nature of these stars will allow us to improve existing models and better understand the evolution of binary stars (e.g. Toonen et al. 2017 ). In particular, objects near the border of M = 0.3 M⊙ can shed light on the apparent discrepancy between the mass of evolutionary models and that calculated from spectral models, as well as and help better constrain the lower mass limit for single evolution, which is still a matter of discussion (e.g. Kilic et al. 2007; Justham et al. 2010) . Objects in the instability strip (e.g. Calcaferro et al. 2017) can be used to probe the stellar interiors and possibly rotation rates.
This presented catalogue represents the first step towards a complete and unbiased all-sky catalogue of ELMs. Our completeness is yet limited by the uncertainties in Gaia DR2 and should not extend beyond 500 pc, excluding dense regions, but we provide for the first time an all-sky sample extending to temperatures down to 5000 K. This database will be a critically important benchmark in testing models of interacting binaries, with implications also to future gravitational wave experiments. Smedley et al. (2014) , without including tentative identifications such as objects in Mignani et al. (2014) . 
B2 Refined query
SELECT source_id, ra, dec, parallax, parallax_error, pmra, pmra_error, pmdec, pmdec_error, phot_g_mean_mag, phot_bp_mean_mag, phot_rp_mean_mag, bp_rp, parallax_over_error, phot_g_mean_flux_over_error, phot_bp_mean_flux_over_error, phot_rp_mean_flux_over_error, phot_bp_rp_excess_factor, astrometric_excess_noise, astrometric_chi2_al, astrometric_n_good_obs_al FROM gaiadr2.gaia_source WHERE parallax_over_error > 5 AND phot_bp_mean_flux_over_error>10 AND phot_rp_mean_flux_over_error>10 AND phot_bp_rp_excess_factor < 1.45+0.06*power(phot_bp_mean_mag-phot_rp_mean_mag,2) AND phot_bp_rp_excess_factor > 1.0+0.015*power(phot_bp_mean_mag-phot_rp_mean_mag,2) AND ( astrometric_chi2_al/(astrometric_n_good_obs_al-5)<1.44 OR astrometric_chi2_al/(astrometric_n_good_obs_al-5)<1.44*exp(-0.4*(phot_g_mean_mag-19.5)) ) AND ( bp_rp < 0.7803 AND bp_rp > -0.60999 AND 5+5*log10((parallax+0.029)/1000)+phot_g_mean_mag < 5.25 + 6.94*power((bp_rp+0.61),(1./2.32)) ) AND ( (bp_rp > 0.5808 AND bp_rp < 0.7803 AND 5+5*log10((parallax+0.029)/1000)+phot_g_mean_mag > 33*bp_rp-12.5 ) OR (bp_rp > -0.60999 AND bp_rp < 0.5808 AND 5+5*log10((parallax+0.029)/1000)+phot_g_mean_mag > 1.15*bp_rp + 6.00 ) )
APPENDIX C: CV AND WD+M CANDIDATES
This paper has been typeset from a T E X/L A T E X file prepared by the author. 
